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Edited by Maurice MontalAbstract Mutations in the DIIS4–S5 linker and DIIS5 have
identiﬁed hotspots of pyrethroid and DDT interaction with the
Drosophila para sodium channel. Wild-type and mutant channels
were expressed in Xenopus oocytes and subjected to voltage-
clamp analysis. Substitutions L914I, M918T, L925I, T929I
and C933A decreased deltamethrin potency, M918T, L925I
and T929I decreased permethrin potency and T929I, L925I
and I936V decreased fenﬂuthrin potency. DDT potency was
unaﬀected by M918T, but abolished by T929I and reduced by
L925I, L932F and I936V, suggesting that DIIS5 contains at
least part of the DDT binding domain. The data support a com-
puter model of pyrethroid and DDT binding.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Pyrethroids and DDT (Fig. 1D) are important insecticides
that target voltage-gated sodium (Na) channels [1]. The former
are classiﬁed broadly into two categories on the basis of the ab-
sence (Type I, e.g. permethrin (Fig. 1A), fenﬂuthrin (Fig. 1B))
or presence (Type II, e.g. deltamethrin (Fig. 1C)) of an a-cyano
group [2]. Their eﬀects on voltage-gated Na channels range
from a hyperpolarizing shift in activation voltage, through
inhibition of open- and closed-state inactivation to a slowing
of deactivation [3–6]. DDT has qualitatively similar eﬀects to
pyrethroids on these channels. Although insect and mamma-Abbreviations: M, percentage channel modiﬁcation; MI, integral
modiﬁcation; sdecay, tail current decay time constant; V0.5 activation,
the voltage for half-maximal current activation; sonset, inactivation
onset time constant; srecovery, time constant for recovery from
inactivation
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doi:10.1016/j.febslet.2007.10.057lian voltage-gated Na channels are structurally similar, i.e. uni-
tary proteins of four domains (DI-IV) each with six
membrane-spanning segments (S1–6) (Fig. 2), mammalian
channels are less sensitive to pyrethroids and DDT. A single
residue (M918) in the linker that connects S4 and S5 of DII
(DIIS4–S5) is responsible for at least some of the diﬀerence
in pyrethroid potency [5].
Resistance to pyrethroids in insects has been shown to be
associated with changes at speciﬁc sites on the paraNa channel
of the houseﬂy Musca domestica termed kdr and super-kdr [7–
9]. Initially, kdr resistance was associated with a leucine to
phenylalanine substitution at position 1014 on DIIS6 and
super-kdr with an additional methionine to threonine substitu-
tion at position 918 on the DIIS4–S5 linker [9]. Subsequent
studies on other insects have disclosed additional kdr and
super-kdr mutations (reviewed by [1,6,10]). Vais et al. [11] pro-
posed that the super-kdr site (M918) on the DIIS4–S5 linker is
a binding site for permethrin and deltamethrin. They further
proposed that binding of pyrethroids to M918 slows deactiva-
tion by impeding movement of the voltage-sensing DIIS4 seg-
ment during membrane repolarisation. This is consistent with
a report that pyrethroids immobilize the gating charge of volt-
age-sensitive Na channels, thereby prolonging the channel
open-state and generating tail currents [12]. However, at least
one residue, T929 on the inner part of the IIS5 helix, may also
be involved in binding deltamethrin and permethrin, because
its change to isoleucine reduces deactivation inhibition by both
of these pyrethroids [11,13]. Also, it is unlikely that M918 is a
common binding site for pyrethroids and DDT, because the
potency of DDT is unaﬀected by the M918T mutation [14].
Here, we describe for the ﬁrst time the quantitative interac-
tions of three structurally diverse pyrethroids (permethrin, del-
tamethrin and fenﬂuthrin) and DDT with the wild-type para
Na channel of Drosophila melanogaster and with mutant chan-
nels containing substituted residues on the DIIS4–S5 linker
and the DIIS5 helix. We introduced substitutions that confer
pyrethroid resistance in pest species, and substitutions that
were selected on the basis of diﬀerences in amino acid sequence
observed in DII between the para Na channel of Drosophila
and voltage-gated Na channels of other insects and of mam-
mals. In particular, we included a resistance locus L925I that
has been identiﬁed in pyrethroid-resistant whiteﬂy, Bemisia
tabaci [15–17], but that, hitherto, has not been characterised
electrophysiologically.blished by Elsevier B.V. All rights reserved.
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Fig. 1. Structures of DDT and the pyrethroids permethrin, delta-
methrin and fenﬂuthrin.
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four insecticides on the IIS4–S5 linker and the IIS5 helix.
However, there are signiﬁcant diﬀerences in the locations of
these hotspots. All of the substitutions (L914F, L914I,
M918T, L925I, N927I, T929I, L932F, C933A and I936V;
Fig. 2) decreased deltamethrin potency, M918T, L925I and
T929I decreased permethrin potency and the potency of fenf-
luthrin was substantially decreased by T929I, L925I and
I936V. We have previously reported that the substitution
M918T has no eﬀect on sensitivity to DDT, yet the substitu-
tion T929I completely abolished sensitivity to this insecticide.
The potency of DDT was also reduced by the substitutionsFig. 2. Transmembrane topology of the voltage-gated Na channel. The po
internally homologous domains (I–IV), each having six transmembrane helice
by the S5, S6 helices and S5 to S6 linkers (P-loops). The identity and location
according to the sequence of the houseﬂy voltage-gated sodium channel.L925I, L932F and I936V, suggesting that at least part of the
binding domain for DDT is on DIIS5. Using automated dock-
ing studies, we show that the computer-based pyrethroid/DDT
binding model of O’Reilly et al. [18] is broadly strengthened by
our new electrophysiological data.2. Materials and methods
2.1. Construction of wild-type and mutant transcripts
Preparation of the wild-type D. melanogaster para (para 13-5) and
tipE (pgh tipE) constructs have been described previously [4,19]. Muta-
tions conferring substitutions in the DIIS4–S5 linker and the DIIS5 he-
lix were introduced into the para gene construct using the QuikChange
site-directed mutagenesis kit (Stratagene Ltd., La Jolla, CA, USA).
para and tipE RNA transcripts were synthesised from Not-1 linearised
plasmid templates using the T7 mMESSAGE mMACHINE kit
(Ambion Inc., Austin, TX, USA). The numbering of Na channel resi-
dues in this paper is based on the para Na channel sequence of the
houseﬂy M. domestica (EMBL X96668) where the kdr (L1014F) and
super-kdr (M918T) mutations were ﬁrst described [9].
2.2. Oocyte preparation
Xenopus laevis oocytes were isolated and injected according to stan-
dard procedures. cRNA transcripts (1 ng nl1) for wild-type and mu-
tant channels were mixed with cRNA for tipE in RNAase-free H2O,
the ﬁnal mixture having a ratio by volume of 1 part Na channel tran-
script:1 part tipE. Oocytes were injected with 50 nl of this mixture and
incubated at 19 C for 2–5 days in ND-96 GPT solution (in mM:
NaCl, 96; KCl, 2; MgCl2, 1; CaCl2, 1.8; Na-pyruvate, 2.5; theophyl-
line, 0.5; gentamicin sulphate, 50 mg ml1; HEPES, 5; pH 7.5) before
recording.
2.3. Electrophysiological measurements
Oocytes were placed in a disposable dish containing 2 ml of bath
solution (ND-96 without Na-pyruvate, theophyline and gentamicin
sulphate). Electrophysiological measurements were made ﬁrst in the
absence of toxicant and then 10 min after exposure to insecticide.
Two-electrode voltage clamp experiments were performed according
to Vais et al. [11] using a CA-1 ampliﬁer (Dagan Instr., Minneapolis,
MN, USA). Oocytes were usually clamped at a holding potential of
70 mV. I–V relationships were obtained using 35 ms step depolarisa-
tions from 70 mV to +50 mV in 5 mV increments. Tail currents were
generated by trains of 5 ms depolarisations from 70 mV to 0 mV.
Each train contained 100 depolarisations presented at 66 Hz. Experi-
ments were performed at room temperature (21–23 C).
2.4. Data acquisition and analysis
Data were collected using the HEKA Pulse Program (Digitimer
Ltd., Welwyn Garden City, Hertfordshire, UK) and most analyses
were performed with its companion program PulseFit. Linear leak
and capacitive currents were subtracted with P/5 steps from
120 mV. Data were sampled at 50 kHz and ﬁltered at 10 kHz. I–V
relationships were ﬁtted using an iterative non-linear regression proto-
col to the following transform of a Boltzmann equation:re-forming a-subunit consists of a single polypeptide chain with four
s (S1–S6). The domains assemble to form a central aqueous pore, lined
of mutations analysed in this paper are shown, with residues numbered
____________S6______________ 
KvAP  : PIGKVIGIAVMLTGISALTLLIGTVSNMFQKILV : 253
Nav I : PWHMLFFIVIIFLGSFYLVNLILAIVAMSYDELQ  : 425
Nav II : VSCIPFFLATVVIGNLVVLNLFLALLLSNFGSSS  : 1032
Nav III : IYMYLYFVFFIIFGSFFTLNLFIGVIIDNFNEQK : 1555
Nav IV : TIGITFLLSYLVISFLIVINMYIAVILENYSQAT  : 1855
_S4-S5 linker__ __________S5__________ 
Kv1.2 : KGLQILGQTLKASMRELGLLIFFLFIGVILFSSAVYFAE :350
Nav II : PTLNLLISIMGRTMGALGNLTFVLCIIIFIFAVMGMQLF :947
Fig. 3. Sequence alignments of the KvAP channel and Drosophila voltage-gated Na channel (Nav) S6 helices from domains I–IV and of the Kv1.2
channel and Drosophila voltage-gated Na channel domain IIS4–S5 linker and S5 helix. Residue numberings for Nav segments are according to the
houseﬂy Na channel sequence. Resistance associated residues V410 (IS6), L1014 (IIS6), F1538 (III36), M918 (IIS4–S5 linker), L925, T929 and L932
(IIS5) are highlighted (grey background).
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where I is the peak Na current elicited by the voltage step Vt, Vrev is the
reversal potential, V0.5 is the voltage for half-maximal current activa-
tion, Gmax is the maximal conductance and k is the slope factor (in
mV).
Na conductance values (G) at each Vt were calculated using G =
I/(Vt  Vrev). The ratios G/Gmax were plotted against their correspond-
ing Vt values and the plots were ﬁtted to the following Boltzmann
equation:
G=Gmax ¼ 1=f1þ exp½ðV 0:5  V tÞ=kg ð2Þ
The percentage of modiﬁed Na channels (M) was estimated using the
formula:
M ð%Þ ¼ f½I tail=ðV tail  V revÞ=Gmaxg  100; ð3Þ
where Itail represents the amplitude of the tail current recorded at mem-
brane potential Vtail (70 mV) and Vrev is the reversal potential for the
Na current [5,20]. Itail was determined by extrapolating the exponential
ﬁt of the tail currents to the start of the repolarisation. Tail current
amplitudes have been used frequently to estimate values of M and,
thereby, to compare potencies of pyrethroids and DDT (e.g. [4,14]).
However, such estimates ignore diﬀerences in duration of tail currents
generated by diﬀerent insecticides and the inﬂuence of amino acid sub-
stitutions on tail current decays. To correct for this, we have intro-
duced a new estimate of potency, termed integral modiﬁcation (MI),
viz:
M I ¼ f½I tail;integ=ðV tail  V revÞ=Gmaxg  100; ð4Þ
where Itail,integ is the total charge ﬂow during a tail current. This ap-
proach has the added advantage that it is equally applicable to tail cur-
rents best-ﬁt by one or more exponential components.
The hydrophobicity of the three pyrethroids and DDT limits the
range of concentrations that can be employed. Consequently, concen-
tration–response relationships determined from measurement of tail
current amplitudes often do not plateau, making it diﬃcult to obtain
accurate values for the apparent dissociation constant (Kd) and Hill
constants (n). Therefore, in most cases we have estimatedMI for a sin-
gle concentration (1 lM) of each toxicant (although full concentra-
tion–response relationships were obtained for fenﬂuthrin). Since we
did not use ATX-II to inhibit inactivation [11,19], there are quantita-
tive diﬀerences between the data reported herein and those reported
in previous publications from our laboratory (e.g. [11]).
2.5. Chemicals
Permethrin (3-phenoxybenzyl(1RS)-cis-trans-3-(2,2-dichlorovinyl)-
2,2-dimethylcyclopropanecarboxylate), fenﬂuthrin (2,3,4,5,6-pentaﬂu-
orobenzyl(1R,3S)-3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane car-
boxylate) and deltamethrin ((S)-a-cyano-3-phenoxybenzyl(1R,3R)-3-
(2,2-dibromovinyl)-2,2-dimethylcyclopropanecarboxylate) were syn-
thesised in-house (Rothamsted Research). DDT (1,1-bis(4-chloro-
phenyl)-2,2,2-trichlorethane) and other chemicals were obtained from
Sigma (Poole, Dorset, UK). Stock solutions of the toxicants were
prepared in dimethyl sulphoxide (DMSO). Following dilution withND-96, the ﬁnal concentration of DMSO in the oocyte-bathing saline
did not exceed 1%. Control experiments conﬁrmed that there was no
eﬀect of 1% DMSO on the Na channel (data not shown).
2.6. Automated docking studies
Houseﬂy (M. domestica) and D. melanogaster Na channels have
identical sequences lining a putative pyrethroid-binding site. Docking
studies for the Drosophila sequence were done using a homology mod-
el of the houseﬂy Na channel generated as described previously [18]
and the inﬂuence of resistance-associated mutations (at positions
M918, L925, T929, L932, C933, I936) on pyrethroid and DDT binding
was investigated. The S4–S5 regions (residues 312–347) and P-loop
helices (residues 362–372) from the X-ray crystal structure of the Sha-
ker rat-brain Kv1.2 channel (PDB accession number 2A79) and the S6
helices (residues 210–240) from the crystal structure (PDB accession
number 1ORQ) of KvAP from Aeropyrum pernix (PDB accession
number 1ORQ) provided the structural template for modelling the
activated (open) state Na channel (see Fig. 3 for sequence alignments).
The crystal structures of deltamethrin (reference code PXBVCP10),
permethrin (CLVCPC01) and DDT (CPTCET10) were obtained from
the Cambridge Structural Database. The X-ray structure of deltameth-
rin has the pyrethroid in an extended conformation whereas for per-
methrin, the structure adopts the more compact ‘horse-shoe’
arrangement. The structure of fenﬂuthrin was generated from delta-
methrin using SYBYL [Version 7.0, Tripos Inc., St. Louis, MO,
USA] to replace atoms that diﬀered between the pyrethroids. Hydro-
gen atoms were added to ligands and the model using SYBYL. Auto-
mated docking studies were performed using the generic algorithm
GOLD (Version 3.1) with default parameters (i.e. 100000 operations
with a starting population of 100 and a selection pressure of 1.1).
The binding site was deﬁned as atoms within a 15 A˚ radius of the
T929 side-chain oxygen. The side chains of the residues M918, L925,
T929, L932, C933, I936, F1530 and F1534 were allowed to ﬂex during
the dockings. Ligands were also allowed to ﬂex during docking and
this resulted in an extended conformation for each pyrethroid, allow-
ing binding contacts to key residues along the length of the binding
site. The GOLD score ﬁtness function was used for ranking of docking
predictions. Docking results were screened for poses that (a) had a high
GOLD score, (b) involved a hydrogen bond with the receptor, typi-
cally between the ester carbonyl oxygen and the side chain of T929
and (c) involved the maximum number of contacts with residue side-
chains, which when mutated are associated with resistance.3. Results
3.1. Electrophysiological properties of mutant channels
All of the mutated Na channels studied were functional
when expressed in Xenopus oocytes. Their kinetic properties
are presented in Table 1. M918T, L925I, T929I and L932F
are naturally-occurring resistance mutations and, as such, they
were not expected to introduce major changes in kinetic prop-
Table 1
Electrophysiological properties of wild-type and mutant Na channels of Drosophila melanogaster
V0.5 (mV) Inactivation mid-point
potential (mV)
sdecay (ms) Plateau current/maximum
peak current (%)
sonset (ms) (40 mV) srecovery (ms) (50 mV)
Wild-type 17.2 ± 0.5 44.8 ± 0.7 1.3 ± 0.1 5.3 ± 0.2 13.2 ± 0.7 4.5 ± 0.7
(k = 5.6 ± 0.1) (k = 5.0 ± 0.1)
(n = 12) (n = 12) (n = 5) (n = 10) (n = 9) (n = 9)
L914F 32.3 ± 1.9** 51.8 ± 0.9* 1.7 ± 0.1 7.2 ± 0.3* 2.6 ± 0.3** 6.8 ± 1.1*
(k = 5.5 ± 0.4) (k = 4.0 ± 0.2)
(n = 10) (n = 4) (n = 3) (n = 7) (n = 3) (n = 3)
L914I 33.5 ± 5.0** 50.0 ± 2.3* 1.5 ± 0.3 6.7 ± 0.4 5.9 ± 2.3** 7.2 ± 1.9*
(k = 4.8 ± 1.2) (k = 4.7 ± 1.2)
(n = 13) (n = 9) (n = 8) (n = 7) (n = 6) (n = 5)
M918T 14.4 ± 0.6* 46.4 ± 0.9 1.1 ± 0.1 3.1 ± 0.5* 8.1 ± 0.4** 8.2 ± 0.3**
(k = 4.9 ± 0.2) (k = 5.1 ± 0.3)
(n =5) (n = 5) (n = 4) (n = 9) (n = 7) (n = 7)
L925I 17.5 ± 0.9 45.7 ± 0.5 1. 1 ± 0.1 10 ± 1.2** 5.6 ± 1.9** 7.2 ± 0.2*
(k = 6.1 ± 1.7) (k = 5.5 ± 0.2)
(n = 4) (n = 4) (n = 4) (n = 8) (n = 5) (n = 5)
N927I 10.9 ± 2.3** 46.1 ± 0.6 1.3 ± 0.3 0** 12.9 ± 2.6 9.0 ± 1.9**
(k = 5.3 ± 0.2) (k = 5.0 ± 1.1)
(n = 8) (n = 3) (n = 3) (n = 10) (n = 4) (n = 4)
T929I 16.2 ± 2.7 45.9 ± 0.4 1.5 ± 0.3 3.9 ± 2.2 7.9 ± 1.3** 9.5 ± 1.2**
(k = 4.9 ± 1.6) (k = 5.6 ± 1.2)
(n = 3) (n = 3) (n = 5) (n = 7) (n = 4) (n =4)
L932F 29.4 ± 3.7** 50.5 ± 0.4* 1.1 ± 0.1 15.9 ± 1.1** 17.4 ± 2.1 11.2 ± 1.9**
(k = 5.9 ± 0.7) (k = 5.0 ± 0.1)
(n = 6) (n = 4) (n = 7) (n = 7) (n = 6) (n = 5)
C933A 17.4 ± 2.4 49.5 ± 0.2* 1.4 ± 0.2 19.3 ± 4.8** 4.8 ± 0.4** 6.6 ± 1.0*
(k = 6.9 ± 0.8) (k = 4.5 ± 0.3)
(n = 4) (n = 3) (n = 5) (n = 3) (n = 5) (n = 5)
I936V 20.1 ± 1.2* 50.5 ± 0.4* 1.0 ± 0.5 10.1 ± 1.5* 8.4 ± 0.9** 9.5 ± 1.2**
(k = 4.8 ± 0.3) (k = 5.0 ± 0.1)
(n = 6) (n = 4) (n = 3). (n = 6) (n = 4) (n = 4)
Data for mutant channels are signiﬁcantly diﬀerent from wild-type at 0.05 > P > 0.01* and at 0.01 > P > 0.001** (n = 5–20). k (slope factor) values for
V0.5 activation and for the mid-point potential for inactivation (4.0–6.9 mV) were not signiﬁcantly diﬀerent from those for the wild-type channel.
Onset of inactivation was studied by applying 11 conditioning pulses of increasing duration (0.5–256 ms) at 40 mV before a test pulse to 10 mV
(from 90 mV) [5]. For recovery from inactivation, 11 conditioning pulses of increasing duration (0.5–256 ms) at 50 mV were preceded by a 10 ms
depolarisation to 10 mV. Onset and recovery time constants were determined by ﬁtting single exponentials to the decays of plots of peak Na current
recorded during test pulses versus conditioning pulse duration.
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substitutions, which are rat Nav 1.2a (IIA) equivalents. V0.5
for M918T, L925I, T929I, C933A and I936V was not greatly
diﬀerent from the wild-type channel, but the substitutions
L914F, L914I and L932F decreased V0.5 suﬃciently to make
channel openings possible at resting potential. In vivo, this
should result in a hyperactive insect, and could be lethal.
The mid-point potential for steady-state inactivation was
not greatly aﬀected by the mutations although signiﬁcant shifts
in the hyperpolarizing direction were induced by the substitu-
tions L914F, L914I, L932F, C933A and I936V. The rate of on-
set of inactivation was estimated from exponential best-ﬁts to
the decays of currents activated during depolarisations to
40 mV. The time constants (sdecay) for these ﬁts were similar
for the wild-type channel and all substitutions. In contrast,
when the inactivation onset time constant (sonset) was deter-
mined at 40 mV using a conditioning pulse regime (Table
1), decreases were obtained for all substitutions, exceptN927I and L932F, compared to the wild-type channel. The ra-
tio of the residual current over the peak current during a 35 ms
depolarisation to 40 mV provides a measure of the level of
inactivation at this voltage. This ratio was signiﬁcantly in-
creased by all substitutions apart from L914I, T929I and
M918T, the latter causing a signiﬁcant decrease in the ratio.
Complete inactivation of N927I was recorded during the
35 ms depolarisation. Inactivation recovery time constants
(srecovery) at 50 mV were also determined using a condition-
ing pulse regime (Table 1) and were signiﬁcantly higher for
all substitutions than for the wild-type channel.
3.2. Quantitative interactions of toxins with the wild-type and
mutant channels
The quantitative eﬀects of the three pyrethroids and DDT
on deactivation inhibition are presented in Fig. 4.
3.2.1. Deltamethrin. Sensitivity to deltamethrin was re-
duced by all of the DIIS4–S5 and DIIS5 substitutions, but with
500nA
25ms
Control
1μM
10μM
100nM
Fig. 5. Tail currents generated by three concentrations of fenﬂuthrin
applied to an oocyte expressing the wild-type paraNa channel. The tail
currents are characteristically of brief duration. Na currents were
activated by trains of one hundred 5 ms depolarisations to 0 mV at
66 Hz.
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Fig. 4. (A–D) Bar graphs comparing relative potencies (log10 Y-axis) of deltamethrin (A), permethrin (B), fenﬂuthrin (C) and DDT (D) at wild-type
and mutant para Na channels of Drosophila. Relative potency is given as MI,mutant/MI,wild-type with MI estimated by Eq. (4).
*Denotes signiﬁcantly
diﬀerent from wild-type at P 6 0.05. Note that for all mutations,MI for deltamethrin action is lower than for the wild-type channel with hotspots at
M918T and C933A. T929I is a common hotspot for permethrin, fenﬂuthrin and DDT. Another point of interest is the increase in MI for DDT with
the M918T substitution. Data obtained using a single concentration (1 lM) of insecticide in each case.
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the DIIS4–S5 linker, where the substitutions L914I and L914F
reduced deltamethrin potency by 10-fold. The second hot-
spot was at the extensively investigated super-kdr site M918.
MI was reduced by 370-fold because tail currents of the
M918T mutant were brief compared with those of the wild-
type channel. Three hotspots for deltamethrin sensitivity,
L925, T929 and C933, were discovered on the DIIS5 helix.
The substitution T929I reduced MI by 100-fold. An even
greater reduction inMI (400-fold) was obtained with the sub-
stitution C933A.
3.2.2. Permethrin. Many of the changes in the DIIS4–S5
linker and DIIS5 helix reduced the potency of permethrin,
although increases in MI were obtained with the L914I,
N927I, C933A and I936V substitutions. MI was decreased
20-fold by M918T and 80-fold by T929I.
3.2.3. Fenﬂuthrin. Fenﬂuthrin has an in vivo activity
against wild-type houseﬂies similar to that of permethrin
[21]. Like permethrin and deltamethrin, fenﬂuthrin shifted
V0.5 to a more hyperpolarized level (from 16.9 ± 2.1 mV
(n = 9) to 24.1 ± 1.6 mV (n = 9)), inhibited closed-state and
open-state inactivation and slowed deactivation. The relation-
ship between fenﬂuthrin concentration and MI (Fig. 5) gave a
Kd of 2.7 lM and a Hill slope of 1.1. MI for 1 lM fenﬂuthrin
action on the wild-type channel is similar to that for permeth-
rin (Fig. 4 and Table 1). Overall, interactions of fenﬂuthrin
with the DIIS4–S5 linker and DIIS5 helix appeared more cir-
cumscribed than those for deltamethrin and permethrin. Slightincreases in MI were obtained with M918T (1.6-fold) and
L932F (1.8-fold), whereas reductions in MI were limited to
L925I (3-fold), T929I (60-fold) and I936V (5-fold). These
results suggest that T929, and possibly L925 and I936 are
interactive sites for fenﬂuthrin.
3.2.4. DDT. DDT is much less potent at the para Na
channel than the three pyrethroids and considerable care was
required to obtain accurate data on tail currents. The substitu-
tion M918T increased MI (2-fold) to DDT (see also [14]).
Reductions (5–15-fold) inMI were obtained with all substitu-
tions from L925I to I936V, but with a pronounced hotspot at
Fig. 6. Docking predictions of: (A) permethrin (GOLD score 57.9, 4th best overall ranking); (B) fenﬂuthrin (GOLD score 42.5; 5th best ranking); (C)
deltamethrin (GOLD score 58; 2nd best overall ranking); and (D) DDT (GOLD score 44.7; 1st overall ranking) with the para Na channel (binding
contacts shown in stick format). Predicted distances of H-bonding interactions from the T929 threonine oxygen (donor) to each pyrethroid’s
carbonyl oxygen (acceptor) is 3.03 A˚ (deltamethrin), 2.15 A˚ (permethrin) and 2.73 A˚ (fenﬂuthrin). This ﬁgure was produced using the PyMOL
molecular graphics system (DeLano Scientiﬁc, San Carlos, CA, USA).
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tency. Application of 1–100 lM DDT to oocytes expressing
T929V also failed to elicit tail currents [22].
3.3. Automated docking studies
Automated docking predictions were undertaken for each
insecticide (Fig. 6). The pose adopted by deltamethrin was
essentially the same as previously reported for fenvalerate
using AutoDock software [18]. The permethrin prediction also
conserved key contacts within the binding pocket, albeit with a
conformation that diﬀered from that for deltamethrin. Fenf-
luthrin adopted a similar docking pose to permethrin, but
lacked interaction with M918. The docking pose of DDT
essentially reproduced the prediction generated previously by
superimposing DDT onto the acidic group of fenvalerate
bound with the receptor [18].4. Discussion
Our previous studies of the Drosophila para Na channel
have shown that substitutions on the DIIS4–S5 linker and
the inner part of the DIIS5 helix cause only modest changes
in electrophysiological properties (e.g. voltage-dependence of
activation and inactivation). This is not unexpected, and also
holds true for most of the amino acid substitutions character-ised in this study (Table 1). In vivo, large changes in the prop-
erties of the Na channel would presumably be lethal, and this
is probably why the L914F substitution, for example, has not
appeared as a resistance mutation in insects. Against this pre-
diction, the substitution L932F in DIIS5 that causes a large
negative shift in V0.5 is a naturally-occurring resistance muta-
tion. However, in nature this mutation has only been found
in combination with T929I. Signiﬁcantly, V0.5 for the double
mutant (17.2 ± 2.3 mV, n = 5) is similar to that for the
wild-type channel.
The super-kdr substitution M918T resulted in a 370-fold
reduction in potency for deltamethrin compared with a 20-
fold decrease for permethrin, suggesting that deltamethrin
has a more signiﬁcant interaction with the DIIS4–S5 linker
than permethrin.
The a-cyano group on deltamethrin is thought to restrict its
general conformation to a more optimal pose for binding [18],
with considerably less ﬂexibility in the overall positioning of
the alcohol moiety compared with permethrin. This would
maximise its interaction with M918, thus rendering it more
susceptible to changes at the M918 residue. A signiﬁcant de-
crease in deltamethrin potency (170-fold), but not that of
permethrin, was observed by substituting leucine by isoleucine
at residue 914. Deltamethrin has more hotspots of interaction
(Fig. 4) with residues on the DIIS5 helix compared with per-
methrin. Interactions of both pyrethroids with residue T929
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fold and for permethrin of 80-fold. A major diﬀerence was
observed with the C933A substitution which decreased delta-
methrin potency by 400-fold, possibly because of the elimina-
tion of a potential interaction of deltamethrin with the
nucleophilic thiolate anion of C933. These results are in line
with the exquisite sensitivity of the native insect channel to del-
tamethrin, and the impressive potency of this compound as an
insecticide. They are also consistent with deltamethrin being
more eﬀective at immobilizing the gating charge of the volt-
age-sensitive Na channel due to its strong interaction with
M918, thereby prolonging the channel open-state.
L925I is a known resistance-associated mutation in B. tabaci.
It has a signiﬁcant inﬂuence on pyrethroid binding, which pre-
sumably results either through direct interaction of the pyre-
throid with L925 or by inﬂuencing the positioning of the
IIS4–S5 linker. This mutation inﬂuences the potency of delta-
methrin (50-fold) and permethrin (32-fold) more than that
of fenﬂuthrin (3-fold), implying either a role for the second
aromatic ring on the alcohol moiety for facilitating interaction
with L925 or a role for L925 in optimal positioning of the
DIIS4–S5 linker for interaction with the alcohol moieties of
deltamethrin and permethrin.
Like DDT, fenﬂuthrin has little or no interaction with resi-
due M918. An electrostatic interaction is postulated to occur
between M918 and fenvalerate, with the electronegative sul-
phur on M918 interacting with the partial-positive charge on
the ring edge of the second aromatic ring of the alcohol moiety
[18]. This is not reproduced with fenﬂuthrin, and would in any
case be highly unlikely to occur because ﬂuorination of the sin-
gle alcohol aromatic ring on fenﬂuthrin inverts the partial
charge on the ring edge. Instead, the single ﬂuorinated (and re-
verse charged) aromatic ring may enable novel interaction(s)
with aromatic residue(s) (e.g. F1534 and F1537) on the IIIS6
helix. Its higher potency compared to DDT may be due to
the ﬂuorination of its aromatic ring allowing novel interactions
with the IIIS6 helix. It is also noteworthy that fenﬂuthrin and
the active form of permethrin share the same acidic moiety, but
with diﬀerent stereochemistry. Nevertheless, the docking pre-
dictions we obtained position the chlorine atoms of both
ligands in approximately the same spatial location (Fig. 6). It
seems that fenﬂuthrin does not interact directly with the
IIS4–S5 linker.
The inﬂuence of C933A and I936V substitutions on potency
of the four insecticides was investigated because the alanine
and valine residues are predicted by the O’Reilly model to be
partly responsible for the lower potency of pyrethroids and
DDT on the rat IIA Na channel [18]. Although C933A signif-
icantly reduced deltamethrin potency, it increased the potency
of permethrin and fenﬂuthrin. In contrast, I936V reduced the
potency of deltamethrin, fenﬂuthrin and DDT, but slightly in-
creased the potency of permethrin.
The discovery that the substitution T929I completely negates
sensitivity of the Na channel to DDT supports the prediction
of the model that a potential binding pocket for DDT may
encompass residues T929 and L932, on the DIIS5 helix, with
T929 being the main point of contact (Fig. 6). T929 also ap-
pears to be a key binding determinant for the three pyrethroids
because major reductions inMI were obtained for all three tox-
icants with threonine to isoleucine substitution. This may be
due to the unique amphipathic nature of threonine.We do not believe that any of the residues investigated in
this study interact with the dimethylcyclopropane ﬁngerprint
region of pyrethroids. However, experimental studies are
underway to investigate the possible existence of a hydro-
phobic pocket within the pyrethroid-binding site. The O’Reilly
model predicts that such a pocket could accommodate the
lipophilic methyl side chains of the cyclopropane ring.
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